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Abstract
Researchers have been interested in studying so-called Left-Handed Metamaterials LHM, which are artificial
materials. These materials have unusual characteristics, like negative permittivity and permeability, and therefore
negative index. This paper has been discussed some characteristics of LHM by designing a square split ring resonator
SRR and simulating with CST microwave studio (Computer Simulation Technology) to get S-parameters. The
broadband frequencies (0-30) GHz were taking to specify the effective range of frequencies to work with, which was
found to be between (8- 14) GHz. Then, the parameters of SRR have been varied such as split width on, gap width,
metal width, rod width and metal material. The measurements show some of parameters have been affected the
values of resonance frequency and the others are not. Also, the negative values of permittivity, permeability, and
refractive index have been approved.
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Introduction
The magnetic permeability µ and the dielectric
permittivity ϵ are the primary characteristic
quantities, which define the electromagnetic waves
propagation in matter. This is because of the reality
that they are the only parameters of the materials
which appears in the Maxwell's equations
(A. Pandey and S. B. Rana, 2016).
Figure 1 shows a system of coordinate in which µ
and ϵ values are marked on the axes. All known
materials have been located in this diagram. The
first area for which µ and ϵ are positive contains the
majority of isotropic dielectrics, in the second area
(µ> 0, ϵ< 0) there will be plasmas, both gaseous
plasmas and solid- state plasmas (Y. Liua and X.
Zhang, 2010). The third area, a medium with the
(ϵ> 0, µ< 0), contain materials such as
antiferromagnets and ferromagnets that have
negative permeability near the ferromagnetic
resonance. Left- handed materials, which belongs
to the third area, does not exist in nature. Recently,
synthetic structures of a split-ring resonator SRR

with simultaneous negative µ and ϵ were proposed
theoretically, and investigated experimentally at 1
microwave frequencies (J. Zhou, 2008, P.J.F.
Gonz´alez, 2015).
In this paper several parameters have been
investigated such as, the effective range of
frequency, the geometrical dimensions of a square
SRR and the type of metal material.

Figure 1. µ and ϵ coordinate system
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Theory
SRR is a synthetic produced structure common to
materials of negative refractive index. Their
objective is to produce the required negative
permeability. These media relate the applied
electromagnetic field with the necessary strong
magnetic field created by this media. This way is
unavailable
in
conventional
materials
(P. Gay-Balmaz and O.J.F. Martin, 2002). To obtain
values of negative permittivity at microwave area, a
metallic rod idea is suggested (Koray Aydın, 2008).
Thus the structure incorporates a metallic rod
along with SRR for electrical resonance (V. Sharma,
S.S. Pattnaik, T. Garg and S. Devi, 2011), (J.B.
Pendry, A. J. Holden, D.J. Robbins and W.J. Stewart,
1999), and this was assured experimentally in GHz
frequency area (D.R. Smith, W.J. Padilla, D.C. Vier,
S.C. Nemat-Nasser and S. Schultz, 2000), (H.O.
Moser, B.D.F. Casse, O. Wilhelmi, and B.T. Saw,
2005). In this work, thin wire media have been
combined supplying negative permittivity and SRR
supplying negative permeability to get left-handed
electromagnetism.
The design SRR has two enclosed rings with splits
in them at adverse ends. The rings are made of
non-magnetic metal like aluminum, copper, gold, or
silver with a finite space between them. The rings
can be square, circle, or any other shape. A
magnetic flux that penetrates the rings will induce
circular currents in the rings, which produce their
flux to support or oppose the incident field (J.D.
Baena, J. Bonache, F. Martin, R.M. Sillero, F. Falcone,
T. Lopetegi, M.A.G. Laso, J. Garcia-Garcia, I. Gil, M.F.
Portillo and M. Sorolla, 2005), (R. Marqués, J.
Martel, F. Mesa, and F. Medina, 2002), (J. Naqui, M.
Durán- Sindreu and F. Martín, 2011).
In general, many electrical properties of electrical
components, (inductors, capacitors, resistors), may
be expressed using S-parameters. There are two
types of S-parameters, the first one is the
transmission S11, and the second is the reflection
S21. S-parameters give an idea about the behavior of
electrical devices (e.g., antennas, microwave
components, etc.) and measure the target's ability
to reflect electromagnetic energy towards a
receiver. The S-parameters are the quotient
between the output signal spectrum and the input
signal spectrum (given as the ratios of the incident
and scattered wave parameters) (S. Amakawa,
2016), (J.B. Pendry, A.J. Holden, D.J. Robbins, W.J.
Stewart, 1999), (H.O. Moser, B.D.F. Casse, O.
Wilhelmi and B.T. Saw, 2005). The transmission
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and reflection coefficients of the EM wave were
measured using CST. They were used to determine
the electromagnetic characteristics, such as
magnetic permeability µ, electric permittivity ϵ, and
refractive index n (A.M. Siddiky, M.R.I. Faruque,
M.T. Islam, 2020).
The reflection S11 and transmission S21 coefficients
can be expressed as [18]:
𝑆11 =

𝑅01 (1−𝑒 2𝑖𝑛𝑘𝑜𝑑 )
2 𝑒 2𝑖𝑛𝑘𝑜 𝑑
1−𝑅01

Where:

, 𝑆21 =

2 𝑒 𝑖𝑛𝑘𝑜 𝑑
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)
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where R01 is the reflection coefficient of an incident
wave on the interface between free space and a
metamaterial, z is the impedance, d is the length of
the element, k0 is the wavenumber, X is the 2
transmission coefficient, and m is the branch
consequent sinusoidal periodic function (X. Chen, T.
M. Grzegorczyk, Bae- Ian Wu, J. Pacheco, Jr., and J. A.
Kong, 2004), (H. Ayad, 2012).
Results and Discussions
SRR acts as an important part of the LHMs
structure; its structure has elements of capacitive
that raise the reaction of the material to EM
radiation (Y. Liua and X. Zhang, 2010). The mutual
capacitance between the pair of rings allows the
flux of the current to pass through the structure,
but the capacitance results from the splits prohibit
current flux around the rings. Inductances come
from the gap between the outer and inner rings and
the conducting rings (Y. Liua and X. Zhang, 2010).
Figure 2 illustrates a SRR responsible for the
negative value of µ, with a rod made from the same
material of SRR, which is responsible for the
negative value of ϵ. The parameters split width g,
gap distance d, metal width wt, and rod width s all
are presenting. This design were performed with
CST Microwave Studio and a simulation was done
with normal incidence and the magnetic field is
polarized with z-axis while the electric field is
polarized at x-axis to get S- parameters that are
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important to check the refraction, reflection, and

a

transmission properties of such metamaterials.

b

Figure 2. Single unit cell, a) front view of SRR, and b) back view

1) Frequency Variation
In this section, the effect of the frequency on the S11
and S21 parameters has been studied at broad band
(0-30)GHz as shown in Figure 3. The values of S11
parameter starts varying at 8 GHz going up to the
peak value at 10.4 GHz. Then the curve start
decreasing until 14 GHz, and the bandgap of the
S11realspectrum was between (12-14) GHz. Also, the

bandgap of S21real spectrum was found at the
(6-9.8) GHz region as shown in Figure 4, and the
second bandgap was Figured out between
(10.5-14) GHz. The peaks and band gaps consider a
frequency of the resonator of SRR, therefore the
work region has to be around (8-14) GHz.

3

Figure 3. Real and imaginary parts of S11 parameters of a square SRR

Figure 4. Real and imaginary parts of S21 parameters of a square SRR
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2) Effect of Split Width (g)
Figures 5 and 6 explain the real and imaginary
parts of S11 and S21 parameters, respectively.
Where the split width has been varied (0.1-0.5)
mm, notice that the other dimensions of the SRR
were set constants at (d=2.2, wt= 0.2 and s= 0.14)

mm, see Figure 2. The frequency was set in the
range (8-14) GHz. The effective resonance
frequency of every split width value has been
calculated, and the results showed that the
resonance frequency increases as split width
increases, as shown in Table 1 and Figure 7.

Figure 5. Real and imaginary parts of S11 parameters of SRR for different split width g

4
Figure 6. Real and imaginary parts of S21 parameters for SRR at different split width
Table 1. Effective resonance frequency for every split width

Split width
g (mm)
0.1
0.2
0.3
0.4
0.5

Effective frequency
f (GHz) for S11real

Effective frequency
f (GHz) for S21real

9.506
9.776
10.130
10.238
10.460

9.470
9.740
10.088
10.196
10.412

Figure 7. The values of resonance frequency versus the split width g, for S11 real, and S21 real
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Then, the values of real and imaginary of ϵ of each
gap width have been extracted from S-parameters
using post-processing of CST program as in Figure
8. It is obvious that the negative values of ϵ were
found in the frequencies below 13 GHz. Also, the
negative values of µ have been estimated using the
same manner and it seems that these values shifted
to the right (higher frequency or shorter
wavelength) as g increases, as exhibited in Figure 9.
This happens because the increase in g means a
decrease in the capacitor of the split, which is
inversely proportional with the distance between

the two plates of the capacitance (g), and this in
turns a decrease in the total capacitance of the
system.
It is noteworthy; the parts of real and imaginary of
ϵ of the composite medium are negative under the
plasma frequency. Close to ω of this design
(9.25-10.25) GHz, which are belong to each gap
width value the shape of ϵ diverges from the model
of Drude. µeff has positive and negative high values
around ωm. µ between 9.75 and 11.5 GHz belonging
to each gap width value.

5

Figure 8. Real and imaginary parts of electric permittivity ϵ for different split widths

Figure 9. Real and imaginary parts of magnetic permeability µ for different split widths

Finally, these data together with the calculated
transmission and reflection phase data are used to
calculate the refractive index neff of the LHM media
for different gap widths. Real and imaginary parts
of neff are given in Figure 10, and it shows that n has
negative values around (9.250- 10.25) GHz. This
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frequency area matches with the left-handed
transmission band.
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Figure 10. Real and imaginary parts of refractive index n for different split widths

3) Effect of Gap Distances (d)
In this section, the area of the inner square has
been changed by changing the length of its four
sides (a), and the area of the outer square is kept
constant. Also the other parameters are kept
constant (g= 0.3, wt= 0.2 and s= 0.14) mm. Where
(a) is taken to be (a= 1, 1.2, 1.4, and 1.6) mm.
Figures 11 and 12 display the real and imaginary
spectra of S11 and S21 with different values of (a),
Peaks of the real spectra of S11are around
(9.416-11.714) GHz. Dips of the real spectra of S21

are around (9.386‒11.666) GHz. When (a)
increases the self-inductance of the inner square
will increase, and also there is an increase in
mutual capacitance and mutual inductance of the
system because the distance between the two
squares (gap) will decrease. So, this will lead to
decrease in the resonance frequency, in other
words, increasing the distance between the two
squares will increase the resonance frequency, as
illustrated in Table 2 and Figure 13.
6

Figure 11. Real and imaginary parts of S11parameters for different side lengths of inner square

Figure 12. Real and imaginary parts of S21parameters for different side lengths of inner square
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Table 2. Effective frequency for different values of gap distance d and square side length a

The side length of inner square a (mm)
1
1.2
1.4
1.6

Gap distance
d (mm)
1
0.8
0.6
0.4

Effective frequency
f (GHz) for S11
11.714
11.342
10.664
9.416

Effective frequency
f (GHz) for S21
11.666
11.294
10.616
9.386

Figure 13. a). The values of resonance frequency versus side length of the inner square
b) The values of resonance frequency versus gap distance d

The real and imaginary values of permittivity for
each a length have been extracted from
S-parameters as in Figure 14. The negative values
of permittivity were in about (8-13) GHz ranges as
in Figure 14. Also, the negative values of the
magnetic permeability were in the range
(9.357-14) GHz as in Figure 15.

The effective refractive index of the LHM media for
each a length was calculated from transmission and
reflection coefficients. The Refractive index has
negative values around (8.2-13) GHz as in
Figure 16.

Figure 14. Electric permittivity ϵ real and imaginary parts of different lengths of inner square
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Figure 15. Real and imaginary parts of magnetic permeability µ for different side lengths of inner square

8

Figure 16. Real and imaginary parts of refractive index for different side lengths of inner square

4) Effect of Metal Width (wt)
Figures 17 and 18 display the real and imaginary
spectra for S11 and S21 with different metal widths
(wt= 0.2, 0.25, 0.3 and 0.35) mm. Here, we changed
the metal width of both outer and inner rings. The
other parameters are kept constant (g= 0.3, d= 2.2
and s= 0.14) mm. By fixing the outer ring area, the
increase in metal width will be companied by a

decrease in the inner square area or a decrease in
the inner square side length, and this, as stated
before, lead to a decrease in the total capacitance
and total inductance, which in turn led to an
increase in the resonance frequency. i.e., increasing
the metal width will increase the resonance
frequency as in table 3 and Figure 19.

Figure 17. Real and imaginary parts of S11parameters for different metal widths
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Figure 18. Real and imaginary parts of S21parameters for different metal widths
Table 3. Effective frequency for different metal widths

Metal width
wt (mm)
0.2
0.25
0.3
0.35

Effective frequency
f (GHz) for S11
10.13
10.892
11.63
12.512

Effective frequency
f (GHz) for S21
10.088
10.796
11.588
12.482
9

Figure 19. The values of resonance frequency versus the metal widths

The real and imaginary values of dielectric
permittivity for each metal width have been
extracted from S-parameters as in Figure 20. The
negative values of permittivity were in the range
(8-13) GHz. Also, the negative values of the
magnetic permeability in the range (10.07-14) GHz

eISSN 1303-5150

as in Figure 21. The effective refractive index for
different gap distances was calculated from
transmission and reflection coefficients as in
Figure 22.
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Figure 20. Real and imaginary parts of electric permittivity ϵ for different metal width

10

Figure 21. Real and imaginary parts of Magnetic permeability µ for different metal width

Figure 22. Real and imaginary parts of refractive index for different metal width
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5) Effect of Rod Width
In this section, the rod width has been changed (the
metal rod behind the SRR, which is responsible for
the negative permittivity in this metamaterial),
while other parameters were kept constant (g= 0.3,
d= 2.2, and wt= 0.2)mm.
Figures 23 and 24 display the real and imaginary
spectra of S11 and S21 for different rod widths

(wt= 0.14, 0.24 and 0.34) mm. These curves show
that the effect of the rod width on the resonance
frequency is very limited, as in table 4 and Figure
25, and this can be confirmed in Figures of
permittivity and permeability and refractive index
of Figures 26-28, the difference in the dips
frequencies is almost negligible.

Figure 23. Real and imaginary parts of S11 parameters for different rod width

11

Figure 24. Real and imaginary parts of S21parameters for different rod width
Table 4. Effective frequency for different rod widths

Rod width
s (mm)
0.14
0.19
0.24
0.29
0.34

eISSN 1303-5150

Effective frequency
f (GHz) for S11
10.46
10.58
10.586
10.604
10.616

Effective frequency
f (GHz) for S21
10.418
10.532
10.538
10.562
10.574
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Figure 25. The values of resonance frequency versus the rod width

12
Figure 26. Electric permittivity ϵ real and imaginary parts of different rod widths

Figure 27. Magnetic permeability µ real and imaginary parts of different rod widths

Figure 28. Refractive index n real and imaginary parts for different of rod widths
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6) Effect Change of the Material
The effect of the metal type of the SRR and rod in
this section were studied (aluminum, gold, silver,
and copper) and it is observed that there is no

effect on the values of S-parameters as in Figure 29
for S11 and S21, which we got it for every one of
the four metal types.

13
Figure 29. Real and imaginary parts of S11 and S21 parameters for aluminum, gold, silver, and copper (the curves are identical)

Conclusions
This work aimed to study metamaterials physics
with
a
concentration
on
negative-index
metamaterials and their applications in the
microwave area. We described negative values of
permittivity, permeability, and refractive index
using a numerical technique of SST studio. The
square structure block of a metamaterial which is
called a rod-SRR was studied. The resonance
behavior of these resonators is verified by
measuring and simulating transmission through a
single SRR unit cell.
First, we specified the effective frequency range to
work with, which is found to be (8-14) GHz. Then it
found that the resonance frequency is directly
proportional with split width, g, gap distance, d,
and metal width, wt, because the structure is
considered to be a circuit of self and mutual
capacitances and inductances, and any change in
these parameters causes a change in the values of
the constituents of the circuit, and this led to a
change in the resonance frequency which is
inversely proportional with the total values of

eISSN 1303-5150

capacitances and inductances.
Also, it found that the metal width of the rod behind
SRR nearly does not affect the results. In addition to
that, there is no effect of the material type of the
SRR and rod metal on the results of S- parameters.
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